INTRODUCTION
============

Although necessary in various types of respiratory failure, mechanical ventilation (MV) can be harmful, especially if its parameters are adjusted incorrectly, because that can result in so-called ventilator-induced lung injury (VILI).[@B1] VILI can also worsen established lung injury, such as the acute respiratory distress syndrome (ARDS), and delay its healing.[@B2] The clinical relevance of VILI has been determined by studies conducted in patients with ARDS, in which adjusting protective parameters during MV, mainly limiting the tidal volume and plateau pressure, has been found to decrease mortality.[@B3] ^,^ [@B4] In addition, studies involving patients at risk of developing ARDS have shown that those same measures decrease the occurrence of the syndrome and are currently recommended in such patients.[@B5] ^,^ [@B6]

VILI occurs when the transpulmonary pressure (i.e., the difference between the pressure level in the alveolus and that in the pleural space) is above safe levels and generates high tidal volumes. The pulmonary structures exposed to this high pressure react by generating forces with the same intensity, creating a situation known as lung stress. A high tidal volume induces deformation of the alveolus, which is described as a change in a linear dimension over its initial value, creating a situation known as lung strain.[@B7] ^,^ [@B8] VILI can occur even with stress and strain levels lower than those necessary for disruption of alveolar structures, although sufficient to release proinflammatory cytokines and recruit neutrophils, leading to inflammatory lung injury.[@B9] This biological reaction to mechanical injury is designated biotrauma, and studies have been carried out to establish the mechanisms involved and to test strategies (ventilatory and pharmacological) that could avert or attenuate VILI.[@B10] ^,^ [@B11]

Glucocorticoids exert anti-inflammatory effects by binding to their receptors in the cytoplasm, forming glucocorticoid-receptor complexes that migrate to the cellular nucleus, where they inhibit the transcription rates of many inflammatory elements, including nuclear factor-kappa B.[@B12] This decreases the production of proinflammatory cytokines, such as TNF-α, IL-1α, IL-1β, IL-2, IL-3, IL-5, IL-6, IL-8, IL-12, IFN-γ, and GM-CSF. [@B13] By modulating those cytokines, glucocorticoids can suppress granulocyte recruitment and activation, as well as preserving alveolar-capillary barrier integrity and controlling vascular permeability. Glucocorticoids can also inhibit fibroblast proliferation and collagen deposition, both of which are important features in the later phases of ARDS.[@B14] ^,^ [@B15]

Despite the potentially beneficial effects of glucocorticoids against the mechanisms involved in ARDS and VILI, their clinical usefulness in these conditions is still under debate.[@B16] ^-^ [@B20] For instance, in the specific context of the effects of glucocorticoids on mortality, some meta-analyses have shown that they reduce mortality,[@B17] ^,^ [@B19] whereas other have failed to show a convincing effect of glucocorticoid treatment in ARDS.[@B20] Hypotheses to explain these dissonant results include lack of an optimal corticosteroid dose, as well as the timing and duration of the therapy.[@B21]

Studies employing experimental models of VILI have obtained promising results with glucocorticoids. However, such studies have evaluated the effect of dexamethasone only in the acute phase of VILI.[@B22] ^-^ [@B25] Therefore, the aim of this study was to evaluate the effects that administering dexamethasone before the induction of VILI has on the temporal evolution of the injury. We hypothesized that pre-treatment with dexamethasone would not only attenuate VILI in the acute phase but also accelerate the healing process thereafter.

METHODS
=======

Animal preparation
------------------

This study was approved by the Animal Research Ethics Committee of the Federal University of Juiz de Fora, in the state of Minas Gerais, Brazil. The animals were cared for in accordance with the guidelines established by the Brazilian National Council for the Monitoring of Animal Experimentation. Sixty-three adult male Wistar rats (mean weight, 286 ± 15 g) were obtained from the animal facility of the Reproductive Biology Center of the Federal University of Juiz de Fora. Over the week prior to the experiment, groups of three animals each were housed in clear plastic cages, with stainless steel wire lids and pinewood shavings as bedding, in a temperature-controlled environment on closed, ventilated shelves, on a 12/12-h light/dark cycle. The animals were fed standard rat chow (mean, 25 g/day) and had ad libitum access to drinking water.

Experimental protocol
---------------------

Animals were allocated to one of three groups ([Figure 1](#f1){ref-type="fig"}): dexamethasone, comprising rats that received an intraperitoneal injection of dexamethasone (6 mg/kg) at 30 min before the induction of VILI[@B24] ^,^ [@B25]; control, comprising rats that received an intraperitoneal injection of the same volume of saline, also at 30 min before the induction of VILI; and sham, comprising rats that received neither dexamethasone nor saline, were submitted to normal (non-injurious) ventilation for 10 min, and underwent the same experimental procedures performed in the first two groups.

Figure 1Schematic flow chart of the study design. VILI: ventilator-induced lung injury; and MV: mechanical ventilation.

The rats were anesthetized with intraperitoneal injections of xylazine (8 mg/kg) and ketamine (80 mg/kg). After confirmation of the depth of anesthesia by paw clamp, the animals were intubated with a 16-gauge intravenous catheter and ventilated in the volume-controlled mode with a small animal ventilator (Inspira ASV; Harvard Apparatus, Holliston, MA, USA). To induce VILI (in the dexamethasone and control group rats), the ventilator parameters were set as follows: tidal volume of 35 mL/kg; respiratory rate of 18 breaths/min; inspiratory to expiratory ratio of 1:2; FiO~2~ of 1; and positive end-expiratory pressure (PEEP) of 0 cmH~2~O. After 1 h of this injurious MV, the animals were extubated and kept under observation to recover from the anesthesia.

After VILI induction, animals in the dexamethasone and control groups were euthanized (n = 23 in each group): immediately after VILI induction (0 h, n = 6 in each group); at 4 h after VILI induction (n = 6 in each group); at 24 h after VILI induction (n = 6 in each group); and at 168 h (7 days) after VILI induction (n = 5 in each group). At each of those time points, the animals were again anesthetized with intraperitoneal injections of xylazine (8 mg/kg) and ketamine (80 mg/kg), after which a surgical tracheostomy was performed and a 14-gauge cannula was inserted. An arterial catheter was inserted into the left carotid to obtain blood samples for arterial blood gas analysis (ABL90 FLEX; Radiometer, Copenhagen, Denmark). The rats were then paralyzed with an intra-arterial injection of rocuronium (1 mg/kg) and mechanically ventilated at the following settings: tidal volume of 6 mL/kg; respiratory rate of 80 breaths/min; inspiratory to expiratory ratio of 1:2; FiO~2~ of 1; and PEEP of 2 cmH~2~O. After 10 min of ventilation, an arterial blood gas analysis was performed. Subsequently, a laparotomy was performed; the animals were euthanized by exsanguination and sectioning of the diaphragm. The trachea was clamped at end-expiration, with a PEEP of 2 cmH~2~O, and the lungs were extracted for further analysis. The animals in the sham group (n = 6) were euthanized 10 min after non-injurious MV.

Measurements
------------

Blood samples for arterial blood gas analysis were obtained after 10 min of protective ventilation, immediately before euthanasia. The lungs were removed en bloc, after which the right lower lobes were separated, fixed in 10% buffered formaldehyde, and processed for paraffin embedding. Slices (4 µm in thickness) were cut and stained with hematoxylin-eosin. Morphological examinations were performed by an investigator who was blinded to the groups, using a conventional light microscope (Carl Zeiss, Hallbergmoos, Germany).

The acute lung injury score, which was the primary outcome measure, was determined by using a weighted scoring system, as described elsewhere.[@B26] In brief, 20 random fields at a magnification of ×400 were scored independently. Values of 0, 1, or 2 were used in order to represent the severity based on the following findings: neutrophils in the alveolar space, neutrophils in the interstitial space, hyaline membranes, proteinaceous debris filling the airspaces, and alveolar septal thickening. To generate an acute lung injury score, the sum of the five variables was weighted according to the relevance ascribed to each one. The resulting score was a continuous value between 0 (normal) and 1 (the most severe injury). In addition, the extent of each acute lung injury score component was calculated on the basis of the sum of the severity values (0, 1, or 2) for the 20 fields analyzed.

To obtain a BAL fluid sample, the left lung was washed three times via a tracheal tube with 4 mL of PBS containing 10 nM of EDTA. Each sample was centrifuged for 10 min at 1,500 rpm to separate it into its cellular and non-cellular components. The samples were diluted in Türk solution (2% acetic acid), and total leukocyte counts were determined in a Neubauer chamber under light microscopy. The cell pellet was resuspended in PBS and stained with May-Grünwald-Giemsa for differential cell counts, which were performed with a minimum of 300 cells.

The lung wet-to-dry weight ratio was determined in the right upper lobe, as previously described.[@B27] In brief, the right upper lobe was isolated and weighed (wet weight) using a precise balance (Ohaus Adventurer; Toledo do Brasil, São Bernardo do Campo, Brazil). It was then dried in a microwave at low power (200 W) for 5 min. The drying process was repeated until the difference between two consecutive measurements was less than 0.002 g. The last weight determined was considered the dry weight.

Statistical analysis
--------------------

The distribution of the data was tested for normality using the Kolmogorov-Smirnov test. Values are expressed as mean ± standard deviation or median (interquartile range), as appropriate. Data for each group were analyzed by one-way ANOVA followed by the Dunnett\'s test or by the Kruskal-Wallis test followed by the Mann-Whitney test, as appropriate. Adjustments for repeated measures were performed with Bonferroni correction. Comparisons between the dexamethasone and control groups at each time point were made by unpaired t-test or the Mann-Whitney test, as appropriate. The log-rank test was used for comparison of survival between the dexamethasone and control groups. Values of p \< 0.05 were considered significant. All statistical analyses were performed with the Statistical Package for the Social Sciences, version 17.0 (SPSS Inc., Chicago, IL, USA).

RESULTS
=======

Survival
--------

Survival was not initially an objective of this study, and the animals were therefore not followed for a pre-determined period of time specifically for the study of that outcome. However, some deaths were observed in the dexamethasone and control groups during the period between the post-induction anesthesia recovery and the time of euthanasia. Death occurred in 3 (12%) of the 26 animals in the dexamethasone group and in 8 (26%) of the 31 animals in the control group (p = 0.19). Of those 11 deaths, 10 occurred within the first 6 h after VILI induction, and 1 occurred more than 6 h but less than 24 h after VILI induction ([Figure 2](#f2){ref-type="fig"}).

Figure 2Log-rank test comparison of survival probability within the first 24 h after induction of ventilator-induced lung injury.

Lung histology and BAL
----------------------

At 0, 4, and 24 h after VILI induction, the rats in the control group showed greater lung injury, as determined by the acute lung injury score, than did those in the sham group. By 168 h after VILI induction, the mean control group score had decreased and was no different from that observed for the sham group. There were no significant differences between the dexamethasone group and the sham group, in terms of the acute lung injury score, at any of the time points evaluated. There was significantly less lung injury in the dexamethasone group than in the control group at 4 h and 24 h after VILI induction ([Figure 3](#f3){ref-type="fig"}).

Figure 3Acute lung injury scores, by group, as well as by time point after the induction of ventilator-induced lung injury in the dexamethasone group (DG) and control group (CG). Data are expressed as mean ± SD. The p-values indicate the overall significance of the differences among the time points and within each group (one-way ANOVA). \*p \< 0.05 vs. sham group. ^†^p \< 0.05 vs. control at the same time point.

In the analysis of each component of the acute lung injury score, the animals in the control group showed higher numbers of interstitial neutrophils than did those in the sham group, at 0, 4, and 24 h after VILI induction, those numbers being highest at 4 h after VILI induction. No such neutrophil infiltration was seen in the dexamethasone group animals, which showed lower numbers of interstitial neutrophils, compared with the control group, at 4 and 24 h after VILI induction. Also at 4 h and 24 h after VILI induction, there was alveolar neutrophil infiltration in the control group, although not in the sham group. Such infiltration was inhibited by dexamethasone, the animals in the dexamethasone group showing lower numbers of alveolar neutrophils at 4 h and 24 h after VILI induction than did the animals in the control group. In addition, proteinaceous debris was more often observed in the control group rats than in the sham group rats at 0 h and 24 h after VILI induction ([Table 1](#t1){ref-type="table"}).

Table 1Acute lung injury scores, by component, in rats submitted to 10 min of protective mechanical ventilation (sham group) or 1 h of injurious mechanical ventilation (dexamethasone and control groups, evaluated over time).^a^[^1]

In the control group, the BAL neutrophil counts increased after VILI induction, peaking at 4 h after but returning to levels that were not statistically different from those observed for the sham group at 24 h and 168 h after. The BAL neutrophil counts also increased after VILI induction in the dexamethasone group, although to a lesser degree, and were lower in the dexamethasone group than in the control group at 4 h and 24 h after VILI induction. Compared with the control group rats, the dexamethasone group rats showed lower numbers of leukocytes in the BAL at 4 h after VILI induction ([Figure 4](#f4){ref-type="fig"}).

Figure 4Leukocytes and neutrophils (number of cells × 10^4^/mL) in the BAL fluid, by group, as well as by time point after the induction of ventilator-induced lung injury in the dexamethasone group (DG) and control group (CG). The p-values indicate the overall significance of the differences among the time points and within each group (one-way ANOVA). \*p \< 0.05 vs. sham group. ^†^p \< 0.05 vs. control at the same time point.

Arterial blood gases
--------------------

Immediately after VILI induction (at 0 h), the PaO~2~ in the control group was lower than that observed for the sham group, although it showed progressive improvement at each subsequent time point. No such impairment in oxygenation was observed in the dexamethasone group ([Table 2](#t2){ref-type="table"}).

Table 2Arterial blood gases in rats submitted to 10 min of protective mechanical ventilation (sham group) or 1 h of injurious mechanical ventilation, as well as lung wet-to-dry weight ratio in the latter (dexamethasone and control) groups, which were evaluated over time.^a^[^2]

Lung wet-to-dry weight ratio
----------------------------

No differences in the lung wet-to-dry weight ratio were found between the dexamethasone and control groups.

DISCUSSION
==========

The main finding of this study was that dexamethasone was able to reduce the inflammatory response caused by VILI and consequently reduce the acute lung injury, as well as attenuating the effects that such injury has on oxygenation. We also demonstrated that VILI occurred early after injurious MV and progressively improved after the removal of the insult, an improvement that was maintained throughout the observation period.

In this model of VILI induction, MV with high tidal volumes resulted in immediate lung injury, characterized by elevated acute lung injury scores after 1 h of such injurious ventilation. The score remained elevated at 4 h and 24 h after the ventilation and eventually normalized by 168 h after. These findings are in accordance with those of previous studies showing that MV with high tidal volumes can induce VILI within the first 60-90 min. In those studies, the histological alterations peaked within the first 48 h after the insult and normalized within 7 to 14 days.[@B23] ^,^ [@B28]

We studied not only the temporal evolution of VILI but also the impact that the administration of an anti-inflammatory drug has on such injury. The decision to administer dexamethasone 30 min before injurious MV was based on previous experimental studies in which its anti-inflammatory effects on VILI were demonstrated.[@B24] ^,^ [@B25] In the present study, the animals that received dexamethasone presented acute lung injury scores comparable to those of the animals in the sham group at all of the time points analyzed. In addition, the acute lung injury scores were lower in the dexamethasone group than in the control group at 4 h and 24 h after the injurious MV. That milder lung injury was associated with better oxygenation at the end of the MV. Although neither the inflammatory pathways involved in VILI nor the impact of corticosteroid administration were evaluated, the milder lung injury and the lower pulmonary dysfunction observed among the animals treated with dexamethasone are in accordance with what is already known about the pathophysiology of VILI. It has been shown that MV with high tidal volumes promotes neutrophil chemotaxis and activation in the lungs, by at least two different mechanisms: activation of the transcription factor nuclear factor-kappa B, which mediates the release of certain pro-inflammatory cytokines, such as TNF-α, IL-6, and IL-8[@B23]; and upregulation of CD11b/CD18 induced by the deformation of neutrophils as they pass through pulmonary capillaries compressed by alveoli overinflated by the high tidal volumes.[@B29] Corticosteroids are able to inhibit both pathways, thereby reducing the influx of neutrophils into the lungs as well as their activation, thus inhibiting or minimizing the injury they induce.[@B25] ^,^ [@B30] These corticosteroid effects could explain our findings, which showed that the treated animals presented lower numbers of neutrophils in the BAL fluid, as well as less interstitial/alveolar infiltration by neutrophils and, consequently, milder lung injury.

Most experimental studies of the effects of corticosteroids on VILI have been conducted in the acute phase of the injury and have shown that these anti-inflammatory agents are able to decrease the VILI-induced release of local/systemic cytokines, neutrophil infiltration of the lungs, histological alterations, and functional impairment.[@B23] ^,^ [@B25] ^,^ [@B28] ^,^ [@B29] In the present study, we showed that, in addition to those acute benefits, dexamethasone maintained the inflammation and lung injury at lower levels throughout the period of recovery after VILI induction.

In another experimental model of VILI, Hegeman et al.[@B22] showed that dexamethasone inhibits neutrophil influx and inflammatory mediator expression, as well as preventing vascular endothelial growth factor expression in the lungs. The authors found such expression to be associated with vascular leakage and with regulation of vascular permeability. However, they did not observe a protective effect of dexamethasone against alveolar-capillary barrier dysfunction, finding that glucocorticoid treatment had no effect on protein levels in the BAL fluid or on the lung wet-to-dry weight ratio. [@B22] The same result in relation to the lung wet-to-dry weight ratio was observed in our study. It has been shown that dexamethasone can increase extravascular lung water in animals exposed to hyperoxia, countering its positive effects on pulmonary injury so that the overall effect is neutral or even deleterious.[@B31]

We observed a lower mortality rate among the animals treated with dexamethasone than among those in the control group, although the difference was not statistically significant. This might have occurred because the number of animals studied was insufficient, given that survival was not an outcome for which we had planned. The study design prevented us from determining the cause of death in the 11 animals that died. Nevertheless, because those deaths occurred within the first hours after VILI induction, a period during which the levels of lung inflammation and injury were highest, we can hypothesize that they were related to the lung injury. We can also infer that dexamethasone had a positive effect on survival. Another possible hypothesis, based on the results of other studies, is that VILI could have generated a systemic inflammatory response, with hemodynamic instability, that might have been improved by the administration of dexamethasone.[@B32] This hemodynamic effect was demonstrated by Nin et al.,[@B25] who showed, in another experimental model of VILI, that the administration of dexamethasone attenuated the lung injury and avoided the hemodynamic instability seen among the animals that did not receive pre-treatment.

We chose to ventilate rats at a tidal volume of 35 mL/kg, on the basis of previous studies that have used the same settings to study VILI and the effects of therapeutic strategies.[@B25] ^,^ [@B33] ^,^ [@B34] Although that tidal volume might seem quite distant from what is employed in clinical practice, it should be borne in mind that, in ARDS, the alveolar area available to ventilation is highly limited (the so-called \"baby lung\" concept), and the tidal volume (which is set according to the ideal body weight) delivered to those available areas can be extremely high.[@B35]

Our study has some limitations that should be considered. The analyses carried out at the different time points were performed only with the surviving animals, which constitutes a bias. The results obtained at each time point within the dexamethasone and control groups were compared with those obtained for the sham group, in which the animals were ventilated for only 10 min with a protective strategy. A more precise comparison would have included intubation and extubation of the sham group animals, euthanasia being performed at the same time points as in the other groups.

The design of this study, with induction of VILI followed by extubation and observation for a period of time, does not necessarily correlate with clinical practice. However, it furthers understanding of the course of VILI and of how the use of corticosteroids can alter that course. Although we have demonstrated the temporal evolution of VILI and its inflammatory nature, mainly by showing the capacity of dexamethasone to attenuate the injury, we did not evaluate the pathways involved. In conclusion, we have described the course of VILI induced by high tidal volumes and demonstrated that pre-treatment with dexamethasone is able to attenuate this injury in Wistar rats. The molecular mechanisms and the possible clinical role of corticosteroid therapy in VILI remain to be elucidated.
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[^1]: NS: non-significant. ^a^Data are expressed as mean ± SD or median (interquartile range). ^b^Overall significance of the differences among the time points within each group (one-way ANOVA). \*p \< 0.05 vs. sham group (Dunnett\'s test). ^†^p \< 0.05 vs. control at the same time point.

[^2]: NS: non-significant; and W/D: wet-to-dry. ^a^Data are expressed as mean ± SD. ^b^Overall significance of the differences among the time points within each group (one-way ANOVA). \*p \< 0.05 vs. sham group (Dunnett\'s test).
